Previous research on port efficiency focuses primarily on the provider's perspective and assumes that maximizing the output is always desirable. This paper recognizes that maximizing the final output does not necessarily guarantee an efficient system and the notion of port efficiency and service effectiveness needs to be considered from the perspectives of both the provider and the consumer of the port service. The paper proposes a network-DEA model to evaluate the performances of 30 seaports worldwide. The concurrent consideration of efficiency scores from the network-DEA model and the traditional DEA-CCR model will offer valuable insights to port operators on how to improve port performances as part of a seaborne cargo supply chain.
INTRODUCTION
Adams Smith (The Wealth of Nations, 1776), in his discussion of specialization and the extent of the market, stresses the relationship between wealth and trade between nations. Despite some lingering controversy, empirical studies show a positive relationship between trade and growth (Clark, Dollar and Micco, 2004) . At a global level, more than 85% of international trade volume is conducted by maritime transport 1) . Compared to air and land modes, maritime transportation represents a viable and cost-effective way to transport a large amount of goods over long distance. Nagorski (1972) , in his book "Port Problems in Developing Countries", advocates that an efficient and well-organized seaport would attract trade volume, facilitate economic growth, provide excellent sources for employment and generate significant foreign exchange earnings. In the era of globalization, seaports play an everincreasing important role in manufacturing and international business. Functioning as interfaces connecting the maritime and continental parts of the logistics chain, ports represent a growth pole with significant potential to trigger the economic prosperity of a nation. Conversely, a port can also become a major bottleneck and economic setback in the event of inferior performance.
Over the past four decades, the effectiveness of the maritime transport as a carrier of trade is further enhanced by containerization and advancements in logistics systems. While the port and maritime industry has grown significantly with trade, overlapping of the expanded port hinterlands, larger containerships and increased number of ports have also fueled competitions among ports. Port operators respond to the competition with an emphasis on the provision of services that matches to global competitiveness in terms of quality of services and overall efficiency of the port. These involve many aspects ranging from the reduction the vessel turnaround time to the efficient handling of customers' trucks so as to utilize the internal resources. In some cases, an expansion of port facilities or the construction of a new port may be necessary. As port development projects absorb large amounts of investment, the industry witnesses a paradigm shift and institutional reform towards the private sector's participation in ports. Along with this, the issue of port efficiencies gains importance owing to its impact on the investment return and international competitiveness of the ports (Low 2010) .
The issue of port efficiencies has been dealt with by numerous scholars. Inherent in the measurement of port efficiency is the notion that a framework should be formulated to ensure multiple factors (inputs) and multiple goals (outputs) are adequately considered. A review of the literature showed that Data Envelopment Analysis (DEA) models dominate among the scientific methods of quantitative efficiency analysis that have been applied (see Table A -1). One of the major strengths of the DEA is that it enables the assessment of multi-factor productive efficiencies through an effective integration of multiple inputs and outputs factors within a single efficiency score. Particularly, DEA allows each decision making unit (DMU) to choose their own most favorable weights subject to the simultaneous consideration of other DMU's efficiency scores, relevant constraints and objectives instead of having a subjectively defined weight assigned a-priori in the computation of the efficiency score. Furthermore, this methodology neither imposes a parametric structure on data nor does it have heavy data requirements in terms of sample size. Data measured in different units can also be used simultaneously within a DEA model. Nonetheless, being an extreme point technique in which the efficiency frontier is formed by the actual performance of best performing observations, efficiency scores are highly sensitive to even small errors in measurement. Where sample size is small, it would result in a large proportion of observations having an efficiency score of 1. Cobb-Douglas production function to Asian ports among others. In comparison to the DEA methodology, econometric frontier analysis is disadvantaged in the sense that it requires a pre-specified functional form of the production or cost frontier (which may be ambiguous). As a statistical method, restrictive assumptions such as data normality, variable independences and residual randomness etc. also need to be satisfied when applying the econometric frontier analysis.
Despite the abundance of studies, application-related methodological improvements are relatively scant. More notably, most of the studies, if not all, share the common property that the efficiency of the system is evaluated as a whole. However, within a seaborne cargo supply chain, complexity arises from the fact that various factors and goals should be considered simultaneously. Particularly, there may be interactions among players with conflicting objectives that need to be addressed. It is not difficult to tell that the definitions for "efficient services" deviate, if not contradict, between the port service providers and the port users. From the viewpoint of the provider, efficiency is achieved when the port provides sufficient services at the least costs. Whereas according to the user, an efficient port is one which offers valued attributes such as shortest handling time or minimum damages to the containers. Service effectiveness can only be achieved if the service provided by a port is valued by the port users. Ships will call at their desired ports and the capacities provided by these ports are utilized by shippers and ocean liners, thereby generating cargo traffic in a port. To this end, it is meaningful to develop a method that is capable of measuring and evaluating the performance of port systems from the perspectives of the upstream and downstream players is necessary. The challenge remains on how to divide the system into the disaggregated processes, i.e., how to make sense of the input-output relationship between entities (or nodes) and the entire system. This paper aims to accomplish the performance evaluation of port systems in an integrated framework that reflects the views of the provider and the user. The integrated framework utilizes a network-DEA formulation where the performance of a system and those of its component processes can be simultaneously measured. Specifically, the service provided and consumed in a container port creates an association between the provider and the user perspectives and hence it is chosen as the unit of analysis 2) . As oppose to the conventional treatment of having individual ports as the DMUs, an inter-linked network of supply and demand nodes is used to represent these DMUs. The computation of efficiency of DMUs can be equivalently viewed as the computation of service effectiveness within this network of nodes that takes into account of both viewpoints. To the best of our knowledge, there has been no precedent of such model being used in the context of ports. As the industry globalizes, it has become imperative for port operators know their standing in a global scale. Thus, the study will proceed to measure and compare port performances in a sample consisting of major ports from Asia, Middle East, Europe and America.
Port authorities, actual transportation planners and port engineers could potentially be the users of the modeling framework proposed in this paper. Through this model, the performance of port is decomposed into two stages, from which one can further identify the sources of poor performance. For instance, from a provider's point of view, resources expended on port services need to be minimized for purpose of economization while ensuring adequacy for a smooth operation; from a consumer's point of view the handling capacity should be maximized to avoid congestion. Hence, achieving a delicate balance will ensure a port to be truly efficient.
The rest of the paper is organized as follows: The next section introduces the network-DEA model as a proposed conceptual framework that deals with "disaggregate" performance measurement, followed by the justifications for considering the provision of services in a container port as a DMU, assumptions and a mathematical representation of the model. Section 3 conducts the empirical study and compares the results between the network-DEA model and the traditional DEA-CCR model. Section 5 discusses the implications of the results and Section 6 concludes. Fig. 1 is a graphical presentation of the conceptual framework of the system. In the diagram, the provision of port services is represented as a network of inter-linked nodes that is a result of both the provider's and user's decisions. Similar to other studies in the field, scarce resources (such as berth capacity and terminal area) are used as inputs for the production unit and services provided as outputs. As the evaluation is based on the process of input-output transformation, this transformation is measured as an efficiency score relative to the performance frontier (as formed by the set of best performing inter-linked network of nodes). This is in contrast to the general treatment in existing DEA application studies where the production unit is often designated as the DMU in the efficiency evaluation.
THE MODEL

Conceptual Framework
2) According to the literature, the definition of a decision making unit can be flexible. While, in most cases, the production unit under evaluation is designated as DMU, the decision maker is not always equivalent to a DMU. In this paper, the decision maker is the port operator but the DMU is the provision of the services in a port.
Public transit is similar to liner shipping in its most basic form. As a mode of transportation, it facilitates the passenger movements (instead of cargos) from origin nodes to destination nodes along scheduled routes. Pratt and Lomax (1996), in their study on performance of public transit systems 3) , highlighted that the performance measures should be in conformance with the objectives that the process is meant to achieve. From the provider's point of view, efficiency in port will be closely associated with achieving objectives such as maximizing the annual revenue or minimizing the total operational costs. The decision maker (the port authorities or port operators in this case) will decide how to vary the inputs to improve the system based on the efficiency score, which indicates of how well the transformation process has been done. Since the inputs considered are infrastructural and port traffic is treated as outputs, an estimated return on port capacity can be obtained. Meanwhile, the user of the port services is the shippers or ocean liners that transport or store containers via the port system. For a major user such as ocean liner, efficient service in a port will be the one that minimizes the vessel turnaround time and container damages. Node 2 represents this perspective in the model.
The proposed model ( Fig. 1 ) links the production process (provider's perspective) and the consumption process (user's perspective) using some common variables being used for both perspectives. For instance, the output from the provider, namely, the "estimated port capacity" is used as inputs in the case of users. From the provider's perspective, limited and costly resources should be used to build a port with facilities that maximize its handling capacity. Therefore, in the production process, the estimated port capacity (i.e., the theoretical throughput given the infrastructural and operational conditions), is used as the parameter for the intermediate output. Higher port capacity is assumed to correlate will higher user satisfaction. This is because low handling capacity will result in costly delay 4) for ship owners who can ill afford it.
A summary of the constructs and some of corresponding input variables are given in the graphical illustration in Fig. 2 . Variables pertaining to port infrastructures and operations determine the physical capacity of the port; information regarding shipping lines and vessels reflects port network and connectivity; port charges and vessel turnaround time measures the service standards of a port; and institutional factors such port ownership and economic development can also affect port performance. In the recent years, port sustainability (quantified by the amount of emissions and pollution produced) has also become a crucial issue.
The actual annual throughput represents the output for port users, as well as, the final output for the entire system. This actual annual throughput usually differs from the estimated capacity because for the port users also consider other factors, besides handling capacity, when they decide whether to use a specific port or not. These factors include the port 3) Prior to Pratt and Lomax, (1996), Fielding et al (1978) have proposed that three elements of transit operations, namely: resource input (labour; capital; fuel, etc.), service output (vehicle-hour; vehicle-km; capacity-km, etc.), and service consumption (passenger trip; passenger-km; operating revenue, etc.) constitute the three corners of a triangle. The three sides of this triangle represent resourceefficiency (measuring service output against resource input), resource-effectiveness (measuring service consumed against resource input), and service-effectiveness (measuring service consumed against service output), respectively. 4) According to Talley (2006) , port congestions arise when port users interfere with one another in the utilization of port resources, thereby increasing their time in port and lead to a longer turnaround time for ships. connectivity, charges, locations and economy of the hinterland, etc. As these variables are common influences on shippers' and liner shipping companies' port choice in any geographical locations, they can facilitate the comparison of port services. Hence this also ensures, to certain extent, the generalization of the analysis.
Mathematical Representation
The network-DEA model is based on three assumptions: first, ports are isolated entities engaging in similar activities and provide comparable range of services; second, container ships are similar in size in terms of transportation capacity; third, uncertainties in the data collected are ignored. Notations for analysis are shown in Fig. 3 together with the model below:
ij -inputs for the production process where i is the i th type of input for production in the j th port. For instance, x P aj represents "terminal area" as input for production process for port j x C qj -inputs for the consumption process where q is the q th type of input for consumption in the j th port and. For instance, x P gdpj represents "GDP of hinterland" as input for consumption process for port j Outputs y P j -outputs for the production process where j is the j th port. For instance, y P j is the "estimated port capacity" for port j y C j -outputs for the consumption process where j is the j th port. For instance, y C j is the "actual annual throughput" for port j Weight Variables u r -intensity vector associated with output type r v i -intensity vector associated with input type i w p -intensity vector associated with input for consumption process w q -intensity vector associated with intermediate output The efficiency score is between 0 and 1. DMUs with the efficiency score equal to 1 are efficient while a DMU with a score of less than 1 is relatively inefficient.
EMPIRICAL ANALYSIS
Data and Variable Descriptions
An empirical analysis is conducted on a sample of 30 major seaports world-wide. Based on data availability, the ports are listed below according to the regions where they are located: (Cullinane and Wang 2007) , the input variables are classified into two stages. In the stage of the production process (provider's perspective), infrastructural and operational factors such as number of berths, terminal area, storage capacity and quay length are selected as inputs. With these input variables representing port facilities at the waterside and landside, the provider is expecting the maximum handling capacity from the hardware of the port. On the other hand, in the stage of the consumption process (user's perspective), the actual throughput may differ from the port capacity estimated from the (previous) production process. For a given amount of throughput, a larger number of ships suggests higher frequencies while a smaller number of ships may render greater economies of scale and allows for competitive pricing. Other important aspects that will potentially exert an influence on the perceived attractiveness of a port include port network connectivity 5) , economy of the region 6) , port charges 7) and location 8) etc. Table 2 provides a brief description on the variables used in the analysis.
According to Raab and Lichty (2002) , the minimum number of DMU observations should be three times greater than the total number of inputs and output. Since this empirical analysis is based on a network-DEA model, for each stage and for the entire system, the aforementioned condition is satisfied [ 
DEA Results
The network-DEA model is programmed as a spreadsheet application using MS Excel VBA. Table 3 gives the efficiency scores computed from the traditional DEA-CCR and network-DEA models, as well as, the relative rankings of the ports based on the respective scores.
The efficiency scores obtained from the network-DEA model are rather different from those computed using the traditional CCR model. The network-DEA model reports Hong Kong and Rotterdam as the only two ports that are fully efficient ports. Singapore and Hamburg ports rank the third and fourth, respectively. A number of Chinese ports (i.e., Ningbo, Shenzhen, Tianjin, Qingdao and Shanghai) are also found to be quite efficiency with efficiency scores greater than 0.7. However, Xiamen, Guangzhou and Dalian ports are significantly lagging behind. The efficiency scores in other ports in the Southeast Asia and South Asia region range from 0.25 to 0.57. Notably, the efficiency scores of 3 Japanese ports are among the lowest below 0.24 with Los Angeles port at the bottom of the list.
On the contrary, the efficiency scores from DEA-CCR model rank Singapore, Dubai and Antwerp as the three best performing ports. Hong Kong, Shanghai, Qingdao and Rotterdam ports are also highly efficient with efficiency scores above 0.9. Three other promising China ports (i.e., Ningbo, Tianjin and Shenzhen) dominate the next band by having efficiency scores between 0.8 and 0.9. While the most of the ports in the sample obtain reasonable efficiency scores above 0.5, Tokyo, Yokohama and Manila continue to report efficiency scores below 0. 3 Comparing the port rankings under the two respective DEA models, it can be observed that the ports of Hamburg, Salalah, Guangzhou and Rotterdam have shown significant improvements in the network-DEA model. Other ports that exhibit similar tendency are Hong Kong, Shenzhen, Ningbo and Valencia. On the contrary, ports like Antwerp, Dubai, Kaohsiung and Shanghai are ranked better under the DEA-5) stated that the accessibility of a container port reflects its competitiveness. Generally, a port is that is more accessible enjoys higher connectivity due to more port calls from major shipping lines. 6) Robinson (2002) and De and Ghosh (2003) remarked that ports that are natural gateway to rich hinterland could be at an advantage compared to ports in small island economies. Similarly, Fleming and Baird (1999) and Loo and Hook (2002) advocated that the presence of a large local market enhances the attractiveness of a port. 7) Chang et al (2008) found that the main haul shipping lines are more sensitive to port costs than feeder service providers. Prior to this, Lirn et al (2004) found handling cost of containers (THC) is the most important attribute under the control of port/terminal operators, which ports can compete on to attract transshipment cargo. 8) Stopford (2009) observed that the closure of centrally located ports, at major trading axes, will result in the route deviations that will increase the average haul. Following that, Low and Tang (2011) advocated that the centrality of a port conveys the degree of indispensability of the port within a liner shipping company's network. CCR models. Some possible reasons behind these differences in efficiency performances are discussed in details in the next section.
Tab. 2. Input and output variables used for analysis
Variables Description
DISCUSSIONS
Three interesting observations emerge from the DEA results in the preceding section. Firstly, there appears to be significant differences in performances among the seaports as illustrated from the efficiency scores ranging widely from 0.1 to 1. This finding is consistent with previous research on global seaports using DEA-CCR model (Tongzon 2001; Park and De 2004; Cullinane et al. 2002) . Among the best three performers, the ports are each serving a different region. This points to the fact that port throughput are dependent on the traffic in the region, and capturing a large market share represents a key to efficient operation (possibly owing to the presence of scale economies).
Secondly, the set of fully efficient ports in the DEA-CCR model is different from that in the network DEA model: the ports of Singapore, Dubai and Antwerp are found to have an efficiency score of 1 when the traditional DEA-CCR model is used for evaluation. However, none of these three ports is 100 percent efficient in the network DEA model. Several reasons can be used to explain these differences. When the traditional DEA-CCR model is applied, only the production process (provider's perspective) is considered. As a result, small infrastructural input value with large output value will result in relatively high efficiency scores. Meanwhile, additional factors come into play when the user's perspective is taken into account in the network-DEA model. Apart from port capacity, important considerations such as the accessibility of the port, port charges, geographical location of the port within the liner shipping network affect demand for the available port capacity and determine the utilization of the ports. In the case of Singapore and Antwerp ports, the aggressive strategy pursued by these ports has led to large investment in port capacity. With actual throughputs falling short of the planned port capacity, the Singapore and Antwerp ports report relatively lower efficiency scores in the network-DEA model against the traditional CCR model.
Under the network-DEA model, Hong Kong and Rotterdam are the only two ports deemed to be fully efficient. To some extent, the high port charges in Rotterdam and Hong Kong may have ironically helped the ports to boost their efficiency score in the network-DEA model. Rotterdam and Hong Kong ports are gateway ports to the European and Northeast Asia regions. Shippers and liner companies that choose to use the ports perceive that value of port services is more than sufficient to offset the high port charges. Should the ports charge lower port dues, the demand for the port services may exceed the port capacity, leading to congestions and lower efficiency. Among all the ports in the sample, port of Hamburg is seen to increase its efficiency most tremendously under the network-DEA model. The port charges high port dues with a moderate level of GDP for its hinterland, which possibly indicates lower trade volume translating into lower throughput. As infrastructural prices are relatively high in Germany, restricting unwarranted port capacity provision may prove to be beneficial. Hence, the port of Hamburg received a higher efficiency score in the network-DEA model as compared to the DEA-CCR method (which emphasizes primarily on a large throughput). More interestingly, it could be inferred that congestions in supply chains account for some of the differences observed in performance of ports. For instance, Antwerp port suffers quite a lot as the ring road is extremely congested when Rotterdam has developed a most beneficial strategy as regards the overcoming of this congestion. In other words, conditions of liner shipping 'sharing' the impact of 'number of shipping lines serving a port' is less significant in influencing port performance compared to the presence of congestions in supply chain.
Thirdly, ports reporting low efficiency scores under both the network-DEA and the DEA-CCR models generally fall into two categories. In the first category, the ports suffer from high infrastructural input prices and operating cost. The high cost that is passed onto the port users dampens the demand, and results in low actual throughput. As a consequence, the ports have been underutilized. Especially for the case of Tokyo port, the high port charges have driven users to other cheaper alternative ports. Given the suppressed demand, lower capacity may be more beneficial to the port. The second category consists of ports in developing countries (i.e., Laem Chabang in Thailand and Manila in Philippines). Technological hindrance may limit the handling capacity of the ports, and thus resulting in low efficiency scores.
In a nutshell, the network DEA model provides the port operators with an opportunity to find out the stage of the system where the inefficiency occurs. This can be done by calculating the efficiency of each stage of the system, in this case, the production process or the consumption process. If the former is inefficient, infrastructural and internal operational changes could be made to improve the corresponding process. Meanwhile, if the consumption process is inefficient, port operators should look at the factors influencing user's decisions on port selections and cater their port services to the needs of the users. However, this is likely to be more challenging as some factors may not modifiable, for instance, the location of the port.
CONCLUSIONS
Port operators and port users are partners for freight transportation in the maritime supply chain. As competitions in the port and maritime escalate, efficiency becomes a central issue to port operators and port users alike. However, definitions for "efficient services" often deviate, if not contradict, between these two parties. From the port operator's viewpoint, efficiency is achieved when the port is able to generate maximum service outputs at the least operating costs (Lee et al. 2005) . Whereas according to the user, an efficient port is one that provides quality services such as shortest handling time or minimum damages to the containers at reasonable charges (Murphy and Daley 1994) . Therefore, an accurate assessment of port efficiency inexorably requires goals of the port operators and port users to be taken into consideration simultaneously.
This paper proposes a network-DEA model to evaluate the efficiencies of 30 major ports (spanning across Asia, Middle East, Europe and North America), which form an important pillar in global seaborne-freight transport. The proposed network DEA model is capable of capturing the intricate relationships between the provider and the consumer of the port services and integrating their goals in a single efficiency score for the evaluation of port services. The efficiency score will be high only if this relationship is adequately balanced: when the estimated port capacity (intermediate output) is greater than the actual throughput (final output), the port may be under-utilized due to factors adversely influencing the user's decisions; and when the estimated capacity is equal or smaller, the efficiency score may be still low and indicates that the demand for port services is higher than expected.
Our results show that the port of Hong Kong and Rotterdam are the most efficient port systems when the perspectives of both the providers and users are taken into account under the network DEA model. It is also meaningful to note that the network-DEA model and the traditional CCR-DEA model produce two sets of very different efficiency scores. While most of the CCR scores are higher than the corresponding network DEA efficiency, some ports such the ports of Salalah and Hamburg show significant increase in efficiency when using network-DEA model for evaluation. Hence, the concurrent consideration of efficiency scores from the network-DEA model and the traditional DEA-CCR model will offer valuable insights to port operators on how to improve the efficiency of the port (i.e., at which stage of the maritime supply chain that inefficiencies occur).
Admittedly, there have been some limitations in this study. Firstly, owing to the difficulty in accurate quantifications, technological supporting system that enhances the handling efficiency in ports to the same effect of larger infrastructural investment is not explicitly taken into account. Similarly, important measures of quality of port services such as vehicle loading and unloading service rates, vehicle turn-around time, berth and channel reliability (accessibility) are omitted due to the lack of data. Secondly, port charges are approximated using THCs (which is defined in Fung et al (2003) as fees charged by shipping lines and paid by shippers for moving containers between container terminals (or the shore) and ships). Such treatment is justified on the observation that the THC, in most cases, is proportional to the total port charge and thus it represents well this parameter. Thirdly, GDP of hinterland is used as a proxy for the trade volume in the region. This simplification is imposed because it is difficult to delineate the boundaries of the hinterlands, especially with the logistical developments that have led to their overlapping. Nonetheless, we recognize that trade volume of respective regions should be used instead.
For future research, it would be meaningful to extend this study to consider the negative externalities as an undesirable environmental output of the consumption process when measuring the performances of ports.
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